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Abstract
The water quality of the Eel River is threatened by the operation of a new wastewater
treatment facility for the town of Plymouth, Massachusetts. Designed to discharge 1.25
million gallons of treated effluent per day into infiltration beds, this facility will add over
17,000 kilograms of nitrogen per year to the Eel River Watershed. Since this ecosystem
is seasonally nitrogen-limited, such an increase of nitrogen could cause eutrophic
conditions in the associated ponds. The Eel River Watershed Association is concerned
about the long-term health of these water bodies, and is interested in finding a cost-
effective way to protect the water quality.
Based on models of the threats to the Eel River Watershed by the MIT Eel River
Investigation Team (MERIT), this thesis proposes a constructed wetland treatment
system that will polish the wastewater facility effluent's nitrogen content below 2 mg/
before discharge into infiltration beds. This single-stage, vertical up-flow, sub-surface
constructed wetland is designed to mirror the geochemical conditions of a natural system,
so the mechanisms of ammonification, nitrification, denitrification and assimilation were
investigated. As expected, the nitrification and denitrification mechanisms are the most
important, but plants play a very important role in oxygenating the soil of the constructed
wetland cells. However, assimilation of nitrogen by Phragmites australis accounts for
less than 12% of the annual nitrogen attenuation, even with luxury uptake. Applying
experience gained from constructed wetlands in locations with climates similar to
northeastern United States, nitrogen balance calculations for this constructed wetland
treatment system demonstrate a reduction of nitrogen concentration in the wastewater
facility effluent from 10 mg/ 1 to 1.6 mg.1
Thesis Supervisor: Harold F. Hemond
Title: Professor of Civil and Environmental Engineering
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Part I: Site Conditions
7
1 Watershed Overview
1.1 Location
The Eel River Watershed is located in the coastal town of Plymouth, Massachusetts,
which is halfway between Boston and Cape Cod on State Route 3 (see Figure 1-1).
W E
3 0 3 Miles
Figure 1-1 Location of the Eel River Watershed, Plymouth MA (Herman, 2002)
1.2 Geology
The surface geology consists of unconsolidated stratified glacial materials deposited
approximately 15,000 years ago. The soil consists of Carver-Gloucester and Carver-Peat
soils in deposits of fine to coarse sand and gravel with occasional lenses of silt and clay
(Ahanin, 2002).
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1.3 Hydrology
The Eel River Watershed includes the east and west branches of the Eel River and several
man-made ponds, shown in Figure 1-2. It drains an area of approximately 15 square
miles and discharges into Plymouth Harbor, which empties into Cape Cod Bay. The
southwestern portion of the watershed contains a number of kettle ponds that have neither
inflow nor outflow besides groundwater. The long residence times of many of the water
bodies contribute to the potential for eutrophic conditions under additional nutrient load
(TAC, 2000).
Cape Cod Bay
New WW Treatment R
Facility
West Branch
- \East
Branch
Figure 1-2 Basins of the Eel River (adapted from Herman, 2002)
The Plymouth-Carver aquifer underlies the watershed and has been designated as a "sole
source" aquifer by the U.S. Environmental Protection Agency (USEPA). The basin's
flow regime is groundwater-dominated, due to the high hydraulic conductivity of the soil.
The groundwater is recharging the Eel River and only a small portion of the groundwater
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is being discharged directly to the ocean. The recharge rate of 23 I/yr over the 15.4
square miles of the watershed corresponds to the 22 cubic feet per second (cfs) discharge
at the mouth of the river. Water is also removed from the aquifer through pumping,
primarily for cranberry production, with water use in 1985 being about 2.8 cfs (Hansen
and Lapham, 1992).
1.4 Land Use
Over three quarters of the watershed is undeveloped (includes the land uses of mixed
forest, agricultural, and urban open space.) Residential development exists, but it is less
than ten percent of the land area, and agriculture consists only of two fish hatcheries and
several cranberry bogs. Plimouth Plantation, the "living history museum of 17th-century
Plymouth," is a popular tourist attraction and historical location near the mouth of the Eel
River. Current industrial use in the ERW is minimal, however milling operations existed
in the 19th century which were the genesis of the impoundments along the Eel River
(TAC, 2000).
1.5 Water Quality
As a result of the current land use within the watershed boundary, the water quality of the
Eel River is relatively good. The east branch of the Eel River is in an oligotrophic state,
and the western branch has indications of mesotrophic conditions believed to be caused
by greater development in this area (TAC, 2000). However, the combination of increased
development within the watershed, with land use shifting from forest to residential and
recreational, and the additional load of Plymouth's new wastewater treatment facility,
which will discharge over a million gallons of nutrient-rich water into the basin every
day, will affect the water quality of the Eel River Watershed (Nair, 2002).
The risk is predominantly from elevated levels of nitrogen and phosphorus, whose
limited supply under normal conditions usually controls growth. Increased nutrient loads
have the potential of causing eutrophic conditions in the ponds of the Eel River system by
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stimulating algae and macrophyte growth (Nair, 2002). Bursts of biological activity, and
its eventual decomposition, consume a tremendous amount of dissolved oxygen in the
water column, threatening the water quality. Furthermore, upper ponds, which have long
enough detention times to initiate algae growth, could seed algae blooms in lower water
bodies that do not normally have suitable conditions, damaging the entire river.
1.6 Nutrient Transport
The quality of the surface water in the Eel River system depends on the fate and transport
of nitrogen and phosphorus in the groundwater because subsurface flow dominates the
hydrology. Models of dissolved oxygen concentration under future loading conditions
indicate that the aquifer will remain aerobic (Ahanin, 2002; CDM, 2001), so additional
phosphorus loads are adsorbed to the iron compounds that exist in the soil. Conversely,
nitrogen, in the form of nitrate, will not sorb to soil material and will travel relatively
rapidly through the aquifer. Furthermore, oxygen concentrations over 0.2 mg/1 inhibit
denitrification (see section 6.2), so the oxic condition in the watershed allows nitrate to
travel unhindered to surface water.
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2 Nutrient Impacts of the Wastewater Treatment Facility
The Town of Plymouth has recently finished construction of a new wastewater treatment
facility (WWTF) that is sited in the Eel River Watershed (shown in Figure 1-2) and it
began operations in February 2002. It is designed to reduce biological oxygen demand
(BOD) and nitrogen from a maximum of 3.0 million gallons per day (mgd) of wastewater
through a substrate driven, activated sludge biological treatment process. At full
capacity, the first 1.75 mgd of treated effluent is discharged directly into Plymouth
Harbor via the original ocean outfall, and the remaining effluent is applied to infiltration
beds located adjacent to the facility. Operation of the facility is being phased in,
however, and only 0.75 mgd is being applied to the watershed during Phase I. Plymouth
has received a permit from the Massachusetts Department of Environmental Protection
with the discharge limits listed in Table 2-1:
EFFLUENT CHARACTERISTIC
Flow (Annual Average)
pH
Oils and Grease
Total Suspended Solids
Biological Oxygen Demand, 5-day at 20 'C
Total Nitrogen (NO 3 + NO 2 + TKN)
Nitrate Nitrogen
Settleable Solids
Fecal Coliform Bacteria
Total Dissolved Solids
Chlorine Residual
DISCHARGE
LIMIT
Table 2-1 Daily Discharge Limitations for the Plymouth WWTF (DEP, 2000)
0.75 MGD
6.0-7.5
15 mg/l
30 mg/l
30 mg/l
10 mg/l
10 mg/l
0.1 mg/l
200/100 mg/l
1000 mg/l
1.0 mg/l
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Since the risk of phosphorus reaching the river is greatly limited by its immobilization in
the soil, as discussed in section 1.6, the greatest threat to the watershed exists in the 10
"m/1 of total nitrogen in the WWTF's effluent. At full operation, this will account for two
thirds of the additional nitrogen load on the watershed (Herman, 2002). While this is
normally considered a safe concentration to discharge into an aquifer, the high volume of
effluent creates a significant mass load that threatens to cause eutrophic conditions in
nearby ponds. Therefore, eliminating the effect of this discharge by reducing the effluent
total nitrogen concentration is the best way to protect the river.
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Part II: Nitrogen Removal Mechanisms
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3 Natural Ecosystems
Including a system to remove nitrogen is very common in current wastewater treatment
practice. In fact, the WWTF of concern in Plymouth is designed to remove nitrogen in
order to meet its discharge permit. However, whether it is an engineered facility or an
artificial wetland, all constructed nutrient removal systems take advantage of the
mechanisms observed in natural ecosystems. Since they are biologically mediated, a
system constructed for nitrogen removal should mirror the environment present in a
natural wetland that makes these mechanisms possible.
Precipitation Wastewater
and dutfall effluents Runoff Atmosphere
4H~H, N0r Organic Nl I NH, NOq Nitrogen
organic N f3NH4  orga N gas N2
Fixation
NH 3 gas N2/N 20
oteirn Arnmonftatlon N +Nitrification Denitrification
Adsorption AordnNOrS
Legend.
Formof TansfnnatontLeaching
Figure 3-1 Nitrogen Transformations in a Natural Wetland (Metcalf and Eddy, 2002)
3.1 Geochemical Conditions
For example, natural wetlands can lower nitrogen concentrations through the complex
steps shown in Figure 3-1. Fundamentally, organic nitrogen is mineralized to ammonia
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(ammonification), then oxidized to nitrate (nitrification) and finally denitrified to di-
nitrogen gas by specific bacteria, differentiated by the reduction-oxidation reactions they
perform. Like all organisms, these bacteria's survival depends on receiving the proper
nutrients for growth in a hospitable physical and chemical environment. Maximizing
nitrogen removal remains complex, however, because these organisms not only require
different substrates but also exist in dissimilar environments. The attenuation power of a
natural wetland comes from its ability to create these different geochemical conditions.
3.2 Role of Vegetation
Wetlands, whether natural or constructed, serve as the transition between land and water,
but one of their most prominent characteristics is the presence of plants uniquely adapted
to the wetland environment. In fact, they are defined by the U.S. Army Corps of
Engineers, the entity charged with the management of wetlands in this country under the
1977 Clean Water Act Amendments, as:
"...areas that are inundated or saturated by surface or ground water at
a frequency and duration sufficient to support, and that under normal
circumstances do support, a prevalence of vegetation typically adapted
for life in saturated soil conditions." (Mitsch and Gosselink, 2000)
Thus, wetlands are legally defined by the presence of unique flora, specifically plants
classified as macrophytes. This type of vegetation has adapted to life in the highly
reduced, flooded, anaerobic soils by developing vascular structures to transport oxygen
and other gases between their leaves or shoots and their roots. These plants thrive where
others would asphyxiate or be poisoned by the harsh concentrations of reduced species.
Paradoxically, these plants make wetlands the most productive ecosystem on the planet
(Mays, 1996).
The inclusion of plants in a constructed wetland is not solely to satisfy the legal definition
of a wetland, however. Beyond their presence indicating the extent of flooded soils,
wetland vegetation has three general effects on an ecosystem. First and foremost, these
uniquely adapted plants impact the geochemical conditions of the wetland, as further
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discussed in sections 5.3 and 6.3. Second, as living organisms, plants have important
biological processes that require nitrogen, so they assimilate it for their own use,
(discussed in chapter 7.) Finally, just the physical presence of vegetation in the soil has
noteworthy side effects on the hydrology of a wetland, and the resulting improvements in
nutrient removal are discussed in section 9.2.
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4 Ammonification
Ammonification, or the mineralization of organic nitrogen to ammonia, is a complex,
multi-reaction mechanism that is the first step in the nitrogen removal process. These
oxidation reactions are facilitated by a very diverse group of bacteria, including aerobic,
facultative anaerobic and obligate anaerobic microorganisms, that readily convert organic
nitrogen to ammonia. The diversity of facultative microorganisms enables the conversion
to proceed at a rate that does not limit the overall nitrogen removal process under a wide
variety of geochemical conditions (Kadlec and Knight, 1996). As a result,
ammonification is not examined in depth for this design, but it is important to highlight
the conditions most suitable for this mechanism in order to calculate the effectiveness of
the proposed constructed wetland.
Since many different microorganisms are capable of this fundamental mineralization
process, ammonification proceeds under a variety of conditions. As with most
environmental processes, it is not surprising that pH is ideally circumneutral for this
system. A saturated soil is well buffered, but in the vadose zone ammonification will
acidify the soil (Vymazal et al., 1998). Temperature affects the rate of the
ammonification, particularly aerobic ammonification, but the diversity of bacteria
involved maintain treatment effectiveness over the typical range of 5' to 200 Celsius.
Finally, the most important geochemical condition for the remainder of the nitrogen
removal process is dissolved oxygen (DO). However DO concentrations do not affect
mineralization because both aerobic and anaerobic bacteria carry out this fundamental
transformation. Treatment effectiveness of constructed wetlands in northern climates
have led to an area-based, 1st order transformation constant for ammonification of organic
nitrogen to ammonia of 35 M/year (Kadlec and Knight, 1996). Compared to nitrification in
a typical wetland, ammonification proceeds faster, so it never becomes the rate-limiting
step.
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5 Nitrification
Nitrification is a mechanism more sensitive to the environment so it must be optimized to
achieve treatment effectiveness. In this step, two different nitrifying bacteria work in
series to fully oxidize inorganic nitrogen. Primarily Nitrosomonas, but also
Nitrosococcus, Nitrosopira, Nitrosovibrio, and Nitrosolobus first oxidize the ammonium
ion into nitrite. Then Nitrobacter, Nitrospira, Nitrospina, Nitrococcus and Nitrocystis
oxidize the nitrite into nitrate. Historically, Nitrobacter has been considered the
dominant bacterium genus in nitrite oxidation, however Nitrospira has been shown to be
the dominant nitrifier in some environments (Burrell et al., 1999). Regardless of the most
abundant genus at any specific time, bacteria within the Nitroso- subdivision and Nitro-
subdivision behave similarly, and can be reliably studied, modeled, grown and applied as
a composite group and will be referred to by the genus Nitrosomonas and Nitrobacter. In
general, these microorganisms are highly efficient at lowering ammonium and nitrite
concentrations but they grow slowly and are sensitive to their environment. These
properties are a result of the substrates they use for metabolism, so identifying their
mechanisms for carbon fixation, energy production and electron donation will indicate
ways to optimize their environments for growth.
5.1 Substrates
As autotrophs, nitrifying bacteria fix and reduce inorganic carbon, specifically carbon
dioxide (CO 2), which is energy-expensive'. For Nitrosomonas:
(1) )/CO 2(g)> NH4 + 2H20 Y- CH 2 "+/ NO+/H
AG 0W= 74.1 kJ/mol 2
For Nitrobacter:
(2) /C0 2(g) , 2  NO + 4 H 20 <-> X"CH2O"+ YN0-
AG 0W= 81.8 kJ/mol
1 "CH 2O" represents biomass
2 All thermodynamic data for this paper was taken from Morel and Hering, 1993.
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As opposed to heterotrophs that use organic carbon already reduced to a zero oxidation
state, these bacteria must invest energy in reducing carbon from a +IV state. To get
energy for this-and all metabolic processes-nitrifiers use an inorganic compound, the
ammonium ion and nitrite respectively, as the electron donor in an oxidation reaction.
For Nitrosomonas:
(3) Y6NH + X 2(g) < Y6NO- + > H+ + H 20 AG 0W= -45.3 kJ/mol
For Nitrobacter:
(4) YNO- + X02(g) < Y2N03 AG'W= -37.6 kJ/mol
These autotrophic and chemolithotrophic mechanisms have important bearing on the
success of nitrification. As show in equations (1) and (2), Nitrosomonas and Nitrobacter
must reduce carbon as it transforms it into biomass. Autotrophic cell synthesis requires
more energy per mole of organic matter, so these bacteria grow at a slower rate than
heterotrophs. Further retarding nitrifier growth, oxidizing nitrogen gives less energy per
electron donated, particularly in comparison to aerobic respiration, which can harvest
over twice the energy per mole of oxygen consumed (aerobic respiration AG 0w= -119
kJ/mol). It would seem thermodynamically rewarding for these microorganisms to develop
the ability to use an organic carbon source paired with the inorganic electron donor,
exhibiting mixotrophy, yet studies have shown these nitrifiers remain lithotrophic
(Rittmann and McCarty, 2001). Finally, the efficiency of the cell must be considered.
Experiments have shown that Nitrosomonas assimilate one mole of carbon for every 14
to 70 moles of nitrogen oxidized and Nitrobacter are even less efficient, oxidizing 76 to
135 moles of nitrogen for every one of carbon. This reflects an efficiency of less than
30% for each process, or approximately 5-10% for the complete oxidation of nitrogen
(Morel and Hening, 1993).
Slow growth has both positive and negative effects. Negatively, it means that nitrifying
bacteria communities are slow to build up initially and are slow to recover from harmful
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environmental conditions. Positively, however, the low growth rate limits the excess
biomass that would recycle organic nitrogen back into the effluent when it degrades.
(While not shown in equations (1) and (2), the biomass created has a small portion of
nitrogen assimilated for proper cell function and formation.)
5.2 Geochemical Conditions
To foster nitrifying bacteria, environmental conditions must be adjusted to satisfy their
auto-chemolithotrophic needs.
Parameter Values at T =
Parameter 5 *C 10 *C 15 *C 20 *C 25 *C
f - 0.14 0.14 0.14 0.14 0.14
Y, mg VSSa/mg NH+-N 0.33 0.33 0.33 0.33 0.33
4n, mg NH-N/mgVSSa-d 0.96 1.3 1.7 2.3 3.1
402, mg 02/mg VSSa-d 2.9 3.8 5.1 6.8 9.2
2, d- 1  0.32 0.42 0.58 0.76 1.02
KN, mg NHj-N/1 0.18 0.32 0.57 1.0 1.50
K0 , mg 02/1 0.50 0.50 0.50 0.50 0.50
b, d- 0.045 0.060 0.082 0.11 0.15
[Of"Iinim, d 3.6 2.8 2.1 1.5 1.2
SinN, mg NHZ-N/1 0.029 0.053 0.094 0.17 0.26
Smin 0 , mg 02/1 0.081 0.083 0.084 0.085 0.085
Table 5-1 Stoichiometric and Kinetic Parameters for Ammonium Oxidizers (Rittmann and
McCarty, 2001)
Parameter Values at T =
Parameter 50 C 10*C 15*C 20*C 25*C
A 0.10 0.10 0.10 0.10 0.10
YN, mg VSSa/mg NOR-N 0.083 0.083 0.083 0.083 0.083
4n, mg N02-N/mg VSSa-d 4.1 5.5 7.3 9.8 13.
402, mg 02/mg VSSa-d 4.2 5.6 7.5 10.1 13.5
d~ 0.34 0.45 0.61 0.81 1.1
KN mg NO -N/1 0.15 0.30 0.62 1.3 2.7
K0 mg 02/1 0.68 0.68 0.68 0.68 0.68
b, d 0.045 0.060 0.082 0.11 0.15
[Of" "]Hm, d 3.5 2.6 1.9 1.4 1.1
Smin N, mg N02-N/1 0.024 0.047 0.10 0.20 0.42
Smin o, mg 02/1 0.11 0.11 0.12 0.11 0.11
Table 5-2 Stoichiometric and Kinetic Parameters for Nitrite Oxidizers (Rittmann and McCarty,
2001)
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As with most biological and chemical processes, higher temperatures improve reaction
rates. However, there is an upper limit above which the bacteria's enzymes cannot
function. Examined over a normal range of wastewater treatment operations, 50 to 250
Celsius, both Nitrosomonas and Nitrobacter operate more effectively at higher
temperatures, particularly evident in higher maximum specific rate of ammonium-
nitrogen utilization (qn), see Table 5-1 and Table 5-2. A danger at high temperatures,
however, is higher concentrations of NH 3 because equation (5) shifts to the right:
(5) NH* + >NH3 +H'
Nitrosomonas cannot oxidize ammonia, so high temperatures reduce the rate of
nitrification. Once the effluent cools, ammonia re-ionizes and a large concentration of
ammonium again poses a threat to water quality. To balance the effect of temperature on
the nitrification rate, an ideal temperature for this step is approximately 20 Celsius, see
Figure 5-1. It is important to state for the sake of a treatment wetland, where this
temperature is not maintainable, that nitrification is possible at lower temperatures,
however the rate should be considered minimal below 40 Celsius (Crites, 1994).
- pH=9.0 ---.10 -- ~-----
Percent8.
un-lonized 1
ammonia --- .
0.01 0,0 0 0
Temperature (C)
Figure 5-1 Percent Un-Ionized Ammonia vs. temperature at different pH (Mays, 1996)
Closely related to the danger of high temperature, high pH can also shift equation (5) to
the right, increasing NH 3 concentration. Conversely, low pH can foster the accumulation
of N20, an intermediary and harmful greenhouse gas (Hemond and Fechner-Levy, 2000),
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and HNO2, a nitrifier inhibitor (Rittmann and McCarty, 2001). While it is best to
maintain pH around neutral, equation (1) shows the first process of nitrification by
Nitrosomonas consumes two moles of alkalinity for every mole of nitrogen. Nitrobacter
does not have a similar effect, and unfortunately it does not reverse this acidification
during the oxidation of nitrite. Therefore, additional processes, or a strong buffer, must
be incorporated into nitrification systems to control pH.
Temperature and pH have an important effect on nitrification, but under typical treatment
facility conditions, the most critical parameter is the dissolved oxygen concentration.
Reactions (3) and (4) demonstrate Nitrosomonas's and Nitrobacter's oxygen demand, a
total of two moles of oxygen per mole of nitrogen fully oxidized 3. As obligate aerobes,
both bacteria must use oxygen as the electron acceptor in the energy producing oxidation
reaction, and therefore are very sensitive to low concentrations of this reactant. Table
5-2, indicates how temperature variations have little effect on the half-saturation constant
for oxygen (KO), and therefore cannot mitigate the effect of low dissolved oxygen on the
nitrifiers. Experience with nitrogen removal from wastewater lagoons has shown
decreased levels of nitrification below 1 '/ 1 (Hurse and Connor, 1999) while aerobic
reactors indicate concentrations less than 2 mg/ limited nitrification (Pochana and Keller,
1999). In general, the higher the concentrations of DO the more nitrification takes place.
Early experiments with flooded soils show that the nitrogen removal rate peaks when the
system was exposed to an atmosphere composed of 26% oxygen (Patrick and Reddy,
1976). Applying a Henry's Law constant for oxygen of 0.0258 a/n 1/mg at 25' Celsius and
correcting for the oxygen solubility reduction in wastewater with a P = 0.95, these results
indicate an ideal DO concentration of 10 '/ (Rittmann and McCarty, 2001). The only
danger of elevated oxygen levels is that unconsumed DO will significantly hinder the
transformation of nitrates into nitrogen gas, if denitrification follows.
3 Each gram of ammonium requires 3.6 grams of oxygen to be oxidized.
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5.3 Role of Vegetation
Plants provide the biggest benefit in a treatment wetland by facilitating the optimal
geochemical conditions for nitrification (Brix, 1997; Hiley, 1995; Sikora et al., 1995).
The most dominant way is by creating aerobic zones along their subsurface parts, see
Figure 5-2, creating a deeper oxygenated zone in the otherwise anaerobic soil. The
unique vascular structure of some macrophytes means that oxygen can be transported
from the leaves and shoots down to the roots and rhizomes through the almost 60 percent
of the plant volume that is hollow (Brix, 1994). These gases travel in two ways. First,
passive molecular diffusion follows concentration gradients so oxygen molecules move
from the oxygen-rich leaves to the oxygen-poor roots within the lacunal system (Brix,
1994). However, some plants also experience the second, more effective aeration
mechanism of convective flow powered by temperature and humidity gradients that are
steeper than the concentration gradients. This results in longer roots and higher internal
oxygen concentrations (Brix, 1997), increasing the volume of oxygen transported to the
sub-surface. Another benefit of convection is that it can occur in dead or damaged plants
and can carry-on through the night (Brix, 1994).
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Figure 5-2 Aerobic Zones around Plant Roots (Kadlec and Knight, 1996)
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Once oxygen is in the roots, particularly the root tips, this oxygen can escape, but
consistently creating the correct soil conditions is the most critical step in quantifying the
oxygenation of the rhizosphere. Researchers still struggle to quantify the net amount of
02 provided to the soil; rate calculations range from 0.02 g/m2 -day to 45 g/m 2 -day (Sikora
et al., 1995) depending on the internal oxygen concentration in the plant, the oxygen
demand of the surrounding medium and the permeability of the root walls (Brix, 1997).
The large disparity in results is exacerbated by the use of different measurement
techniques, however all calculations treat plants like oxygen "pumps." In this view,
leaves forced oxygen down to the roots and the amount not needed for respiration leaked
out. Rather, it is more accurate to view the roots as having an oxygen demand that pulls
gases through the hollow plant down into the roots and rhizomes. The soil's oxygen
demand is in direct competition with the respiring roots and, if strong enough, can
overpower the roots and stunt their growth (Sorrell and Armstrong, 1994). Measuring the
oxygen transport into a rhizosphere flooded with anaerobic water does not accurately
model the oxygen demand of a wastewater with residual biological oxygen demand
(BOD) and nitrogenous oxygen demand (NOD). Experiments using soils with accurate
sink strength and Phragmites australis, a popular species of emergent macrophyte for
constructed wetlands, indicated that oxygenation of the soil is realistically between 2 and
3 g/m 2-day (Sikora et al., 1995).
One way to increase the amount of oxygen pulled into the soil is to increase its sink by
adding stronger wastewater to the system. However this makes the wetland work harder
because additional oxygen is needed. A better solution is to reduce the competing
oxygen demand of the roots. To achieve this one study showed, again with Phragmites
australis, that reducing the respiration of the roots by lowering the temperature from 20'
to 50 Celsius resulted in more oxygen in the rhizosphere, even though this slowed
microbial action (Sorrell and Armstrong, 1994). However, experiments with Typha
latifolia, another commonly used constructed wetland plant, showed that this species
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achieves significantly high nitrogen removal rates even with a low oxygen transfer rate
(Perdomo et al., 1999).
5.4 Summary of Nitrification
Nitrosomonas and Nitrobacter bacteria exist in natural systems everywhere and are
highly efficient at lowering ammonium and nitrite concentration. However, they grow
slowly and are sensitive to their environment so the temperature, pH and most
importantly the DO concentration of the treatment system must be controlled. Since
these bacteria developed their abilities to recycle inorganic nitrogen in natural systems, it
is not surprising that they perform the best throughout the range of normal temperatures
and pH, exhibiting a maximum around 200 Celsius and slightly acidic pH. DO
concentrations around 10 mg/I are ideal, but must be maintained above 1 mg/ so that
Nitrosomonas and Nitrobacter activity are not significantly hindered. The oxygenation
of the wetland soil by plants is by far their most important role in the nitrogen removal
process because nitrification, controlled by the DO level, is usually the rate limiting
process in a wetland. For that reason, the nitrification effectiveness of a constructed
wetland treatment system is determined by the oxygen provided by the plants.
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6 Denitrification
In the third step, a very large, diverse collection of microorganisms is enlisted for its
ability to facilitate the transformation of nitrate into molecular nitrogen. Most are
Protobacteria from the Pseudomonas, Alcaligenes, Paracoccus, Thiobacillus and Bacillus
genera but the Halobacterium are members of the Archaea domain that also reduce
nitrogen. These microorganisms are found naturally existing in both terrestrial and
aquatic environments in all corners of the world (Rittmann and McCarty, 2001), however
neither morphological nor phylogenic differences require separate analyses. Almost all
denitrifiers catalyze the four-step reduction of nitrate to di-nitrogen with the following
enzymes:
(6) NO + 2e- + 2H+ < NO-+ H20 Nitrate Reductase
(7) NO + e- + 2H+ * NO+ H20 Nitrite Reductase
(8) 2NO +2e- + 2H+ co N20+ H20 Nitric Oxide Reductase
(9) N 2 0 +2e- + 2H+ * N2(g) + H 2 0 Nitrous Oxide Reductase
The exception is that some denitrifiers do not reduce nitrous oxide (Payne and
Balderston, 1978). These strains are only isolated in laboratory experiments, so the
natural heterogeneity of bacteria communities ensures complete reduction to nitrogen
gas. As a group, denitrifiers transform the nitrate produced by Nitrosomonas and
Nitrobacter, however maximizing the reduction rate requires environmental parameters
different from the ideal conditions for these nitrifiers. Divergence begins with different
sources for energy, electrons and carbon.
6.1 Substrates
Nitrate transported to a region favorable for denitrifying bacterial growth is very unstable
and is quickly reduced to nitrogen gas (Patrick and Reddy, 1976). Denitrifiers are
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chemoorganotrophs, relying on the highly energetic oxidation of organic carbon4 for a
source of electrons for this reduction and for energy:
(10) X4"CH20"+ NO- + YH+* X Co 2(g) +XON 2(g) + 0 H 20
AG W= -113 kJ/mol
These bacteria also use the organic matter as the source of carbon for cell repair and
growth. As heterotrophs, therefore, they have relatively higher growth rates than
nitrifiers. Comparing values for cell yield (Y) in Table 5-1 and Table 6-1 is deceiving
because of different units, however the difference is clear between the fractions of
electrons available for synthesis (/"). It is important to recognize that denitrifying
bacteria are facultative aerobes and only switch to nitrogenous oxidizing agents, as
shown in equation (10), in the absence of oxygen. Aerobic respiration is more
energetically favorable under ideal conditions, but not significantly.
(11) V"CH 20"+Y4 O2(g) > X CO 2(g> + Y4H20 1/4 AG 0W= -119 kJ/mol
This similarity between AGw for aerobic respiration (equation (11)) and AGw for
denitrification (equation (10)), allows the denitrifiers to shift reactants without an
appreciable loss in productivity once oxygen has been depleted. In fact, the kinematic
properties of heterotrophic denitrifiers in anoxic conditions are similar to those of aerobic
heterotrophs, and therefore they are just as effective in reducing the biological oxygen
demand (BOD) of a wastewater effluent as aerobes (Rittmann and McCarty, 2001).
Within a constructed treatment system, the denitrifiers' dependence on a source of
organic carbon is primarily as an electron donor for the reduction of nitrate, but can also
be harnessed to lower BOD at approximately four grams of BOD per gram of nitrate-
nitrogen reduced (Rittmann and McCarty, 2001). If organic carbon is not present in this
ratio, different organic electron sources can be introduced, the most commonly studied
one being methanol. New advances in membrane delivery systems have made hydrogen
gas a safer and cheaper electron source with the efficiency-improving characteristics of
no reduced nitrogen addition and lower biomass production (Lee and Rittmann, 2000).
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4 represented as "CH20"
Electron Donor Methanol BOD H2 so
C-source methanol BOD CO2  CO2
036 0.52 0.21 0.13
Y, g VSSa/g donor 0.27 0.26 0.85 0.10
g VSSa/g OD 0.18 0.26 0,11 0.07
g donor/g VSSa-d 6.9 12 1.6 8.1
g OD/g VSSa -d 10.4 12 11.8 11.2
K, mg donor/ 9 1 1 1 ?
mg OD/ 13J 1 0.13 ?
b, d~ 05 0.05 0.05 0.05
[0T"a]inM, d 655 0.33 0.76 1.3
Smi., mg donor/I 0.25 0.017 0.04 ?
mg OD/I 038 0.017 0.005 ?
D, cm2/d U 1.0 0.9
JR, kg OD/1,000 m2-d ?5 0.5 1.2
S7i (no detachment) 0.027 0.017 0.040 0.066
(bdet = 0.2/d) 0.15 0.087 0.23 0.45
K*18 0.4 2.2 ?
Notes: For K*, L - 40 lum, Df/D - 0.8, and Xf -40 mg VSS 0/cm 3 . ? not yet deterined-notI applicable.
Table 6-1 Stoichiometric and Kinetic Parameters for Denitrifiers at 20* Celsius (Rittmann and
McCarty, 2001)
6.2 Geochemical Conditions
Valued in constructed systems for their ability to consume nitrates, yet capable of both
aerobic respiration and denitrification, denitrifying bacteria must be grown in an anoxic
environment. As with nitrifiers, DO concentration is again the critical environmental
parameter when maximizing nitrate reduction, however the effectiveness of
denitrification is now inversely related to amount of oxygen present. Furthermore,
experiments with activated sludge treatment plants with different sequences of aerobic
and anoxic environments found that denitrifying bacteria needed to be exposed to an
anoxic environment early to "prime" their ability to anaerobically reduce nitrate later
(Nowak et al., 1999).
Anoxic conditions develop in environments where aerobic bacteria consume the oxygen
faster than it can diffuse from the atmosphere or be produced by photosynthesis. This is
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most common naturally in river-bottom sediments, lake hypolimnions and the
waterlogged soils of wetlands (Hemond and Fechner-Levy, 2000) and is created in
wastewater treatment basins and reactors. The danger oxygen poses is its ability to
repress nitrogen reduction in two ways. At concentrations above 0.2 mg/,1, DO inhibits the
nitrogen reductases used to catalyze the reactions but denitrification can still proceed
(Pochana and Keller, 1999; Rittmann and Langeland, 1985). However, at elevated
concentrations, 2.5 to 5 mg/j, oxygen represses several nitrogen reductase genes and
transformation halts (K6mer and Zumft, 1989). At these higher concentrations, the
nitrite reductase and nitrous oxide reductase are repressed before the nitrate reductase is
affected, so NO2 and N20 intermediaries are produced-both gases contributing to the
atmospheric greenhouse effect (Rittmann and McCarty, 2001). DO concentration is
ideally held at zero, therefore, to maximize the reduction of nitrate to di-nitrogen gas and
to minimize the release of environmentally harmful intermediaries.
Like with Nitrosomonas and Nitrobacter, higher temperatures improve reaction rates for
denitrifying bacteria. In general, bacterial growth rates double for every increase of 100
Celsius (Rittmann and McCarty, 2001). However, comparisons of nitrate reduction rates
achieved by four researchers at different temperatures indicate that there is no appreciable
gain increasing the temperature from 200 to 300 Celsius (Ekama and Wentzel, 1999). At
lower temperatures, denitrification rates behave like nitrification rates: appreciably
retarded below 100 Celsius and negligible below 40 Celsius (Crites, 1994). In addition to
slowing the entire transformation of nitrate to nitrogen gas, low temperature also inhibits
the nitrous oxide reductase at low pH, allowing the system to release nitrous oxide
instead (Hemond and Fechner-Levy, 2000). So, considering the normal range of
wastewater treatment processes, temperatures above 100 Celsius would facilitate the
greatest nitrate reduction, but energy should not be invested to maintain temperature
above 200 Celsius in colder climates.
The denitrifying bacteria are not especially pH sensitive, however intermediates
accumulate outside circumneutral values (Rittmann and McCarty, 2001). Unfortunately,
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the intermediates of the nitrate reduction process are greenhouse gases, see equations (6)
through (9). Inhibition of equation (9) by low pH and temperature has already been
identified, but low pH also increases nitric oxide release (Payne and Balderston, 1978).
Above neutral pH, the denitrification rate is negatively affected thermodynamically. For
each pH unit above 7, the energy yield for denitrifiers decreases by approximately 5 kJ/moi
(Morel and Hering, 1993). Energy yield does increase at acidic pH, however the release
of intermediaries should be avoided. The threat of low pH inhibiting denitrification is
important to recognize when coupling this process with nitrification, due to
Nitrosomonas' acidifying effects. Denitrification does generate one mole of alkalinity for
every mole of nitrate reduced, but cannot neutralize the effect.
6.3 Role of Vegetation
Plants benefit a treatment wetland by facilitating the geochemical conditions that
maximize denitrification. In fact, rhizome biofilms can support over ten times the
denitrification per square centimeter of those attached to the soil grains (Williams et al.,
1994). But beyond providing a significantly large surface area for the attached microbial
growth, the geochemical effects of plants are much smaller and are poorly understood.
First, it is hypothesized that plants release organic compounds that could serve as a
carbon source for denitrifying bacteria (Brix, 1997). It is unclear exactly how critical the
plants are as providers, though, because most in-service constructed wetlands do not
report that denitrification is limiting nitrogen removal effectiveness. In theory, the
amount of dead plant biomass in the subsurface environment provides the necessary
carbon. The only hindrance is its location-these carbon sources would be separate from
the nitrification locations on the living roots, so nitrate would have to diffuse through the
soil, slowing down the process, see Figure 5-2. Conversely, releasing organic
compounds from the roots would foster denitrification right alongside nitrification, but
the mildly aerobic environment close to the roots that facilitates the nitrifying bacteria
would hinder-but not stop-the denitrifiers (Farahbakhshazad and Morrison, 1997).
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The other geochemical effect of plants is even more uncertain, and its existence in a
wetland environment has not been verified yet. However, it is proposed that their roots
may also release antibiotics and other compounds that affect the survival of other plants
or microorganisms, for better or worse (Soto et al., 1999; Brix, 1997). It is likely that the
same evolutionary forces that helped macrophytes develop mechanisms to survive in the
anaerobic soils of wetlands fostered other alterations of the geochemical environment in
their favor.
6.4 Summary of Denitrification
Nitrifying and denitrifying bacteria exist in natural systems everywhere, and have
developed complementary functions that play important roles in the nitrogen cycle.
While the organic electron donor (carbon) is often the rate-limiting factor for
denitrification in wastewater treatment facilities (Rittmann and McCarty, 2001), just
providing the bacteria the correct substrates in a wetland is not enough to maximize
treatment. The temperature, pH and most importantly the DO concentration of the
bacterial environment must be controlled. Since these bacteria developed their abilities
to recycle inorganic nitrogen in natural systems, it is not surprising that they perform the
best throughout the range of normal aqueous temperatures and pH, exhibiting a
maximum around 200 Celsius and slightly acidic pH. The challenge is when nitrification
and denitrification must proceed concurrently since Nitrosomonas and Nitrobacter need
oxygen concentrations above 1.0 mg/1 while denitrifiers are inhibited when DO is above
0.2 mg/,.
Historically, sanitary engineers have dealt with this problem by separating the processes
in two different treatment basins, one aerobic and a second anaerobic. Advanced
solutions include simultaneous nitrification and denitrification where DO is held at 2.5
"m/1 and the flocs that normally form create anoxic conditions inside themselves that
support anaerobic denitrification (Rajanayagam et al., 1999). For this constructed
wetland, nitrification and denitrification will happen simultaneously, as it does in a
natural system, because there are regions of geochemical conditions suitable for each. As
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discussed in section 5.3, the plants create a thin aerobic zone around their roots to
facilitate nitrification. The remaining soil volume, flooded with effluent, is the perfect
environment for denitrification and diffusion will transport the products between zones.
A study of the effectiveness of sub-surface wetlands has led to an area-based 1s order
transformation constant for denitrification of 50 tm/year (Kadlec and Knight, 1996).
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7 Assimilation
The great improvements in treatment capability of planted constructed wetlands do not
stem solely from the facultative role of vegetation. The plants' biological needs are a
critical component of the nutrient removal mechanisms that wetlands use to treat
wastewater. "Understanding plant processes is vital to optimizing the performance of
these systems. This is especially so in small systems with low load rates" (Bavor and
Mitchell, 1994). Wetlands are the most productive environments on the planet when
compared by biomass production per area, with plants absorbing nutrients in higher
quantities along with higher growth rates. Emergent vegetation, like Phragmites
australis, has demonstrated the best nitrogen removal ability (Brix, 1994), serving as a
nutrient sink by absorbing ammonium and nitrate and either assimilating it into growing
biomass or storing it in higher concentrations within specialized plant structures. Plant
biomass normally comprises approximately 2% nitrogen by weight (Kadlec, 1999), but
can absorb more than this if concentrations are high enough and geochemical conditions
are favorable. This additional absorption is called "luxury uptake." Multiple studies of
plants treating wastewater in wetlands have measured nitrogen contents between 3 and
13% (Farahbakhshazad and Morrison, 1998; White, 1995; vanOostrom, 1995), proving
luxury uptake can increase the amount of nitrogen pulled from the wastewater. The
hydraulic flow regime in this constructed wetland for the Eel River Watershed is based
on experiments by Farahbakhshazad and Morrison, so plant uptake of nitrogen is
anticipated to reach 10%.
However, these short-term studies do not consider the full life cycle of vegetation and its
organic nitrogen. Plant mortality, litterfall, and decomposition return the nitrogen back
into the soil, and hinder plants' role as a permanent solution to the problem. Fortunately,
the reduced soils of this ecosystem cannot decompose all of the dead biomass, so the peat
accumulation characteristic of wetlands sequesters some nitrogen permanently. It is
estimated that as much as 20% of the detritus does not decompose but rather adds to the
volume of the soil (Kadlec, 1999). To take full advantage of the luxury uptake of plants,
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vegetation would need to be harvested, or removed from the wetland. This requires
larger constructed wetland systems, so that some sections could be off-line for harvesting
and re-growth of critical plant biomass, and incurs additional maintenance. If the
biomass is not removed, only the small portion that is not decomposed truly sequesters
nitrogen, limiting the importance of plant uptake as a nitrogen removal mechanism.
Assimilation is large enough, however, that plant uptake and decomposition must be
included in the mass balance of a wetland system.
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Part III: Constructed Wetland Treatment System
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8 Nitrogen Removal in an Artificial Ecosystem
The threat of eutrophication of surface waters stressed by high nutrient concentrations is
well established. Lakes and rivers around the world are damaged by myriad
anthropogenic pollution sources, most notably point discharges from wastewater
treatment plants with elevated nutrient concentrations. One solution to protect receiving
waters is to expand the treatment capability of the facilities to include advanced
treatment. A second solution, one that is gaining in popularity and effectiveness-and is
the most cost effective answer for this site-is adding the same nutrient removal
capability through the use of a constructed wetland treatment system (CWTS).
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Figure 8-1 Mechanisms in the CWTS (adapted from Kadlec and Knight, 1996)
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The CWTS best suited for protecting the Eel River Watershed is a single-stage, sub-
surface, vertical flow wetland planted with Phragmites australis to mitigate the nitrogen
load of the Plymouth WWTF. For this facility, the total nitrogen load in its effluent is
composed of organic nitrogen, ammonia and nitrate, so this CWTS has been designed to
mirror a natural system and handles all three species at the same time. Each treatment
cell will reduce nitrogen using the mechanisms discussed in Part II, however the process
can be modeled in a simpler version of Figure 3-1 by the six primary steps. As illustrated
in Figure 8-1, the ammonification, nitrification and denitrification mechanisms convert
nitrogen species to nitrogen gas, which is released to the atmosphere. Plant assimilation
of nitrogen for its own cell growth is a significant pathway of nitrogen conversion but
decomposition eventually recycles much of this organic nitrogen back into the system.
However, wetland soils do favor a relatively large percentage (20%) of burial of dead
plant biomass, sequestering nitrogen out of the cycle.
38
9 Vegetation
9.1 Nitrogen Removal Improvements
The inclusion of appropriate vegetation in a CWTS is supported by the overwhelming
number of scientific studies that demonstrate significant improvements in nitrogen
removal by systems planted with one-or a mix of-plant species over systems with no
vegetation.
Concerning ammonium nitrogen, a few researchers report no difference between removal
rates for planted and unplanted CWTS (Soto et al., 1999). However, most studies have
shown between a 20 to over 100 percent increase in removal rates for planted systems.
The smaller improvements were reported from experiments in tropical climates where
unplanted wetland cells were already removing over three quarters of the ammonia.
When planted, these systems achieved removal rates approaching 100 percent (Perdomo
et al., 1999; Zhu and Sikora, 1995). In more temperate regions, both surface and sub-
surface CWTS show ammonia removal rates in planted systems doubling the
effectiveness of unplanted systems and reaching 75 to 95 percent reductions (Soto et al.,
1999; vanOostrom, 1995; Juwarkar et al., 1995).
Nitrogen also poses a threat in the form of nitrate, both as a product of the nitrification of
the ammonium ion, and as a component of the original wastewater. Again, planted
CWTS consistently demonstrate a superior ability to handle nitrogen species. Unplanted
systems actually increase the nitrate concentrations of the water flowing through it-one
study showing twice as much nitrate produced in the unplanted CWTS versus the planted
systems (Farahbakhshazad and Morrison, 2001).
Two additional, dissimilar studies evaluating the overall effect of planted and unplanted
CWTS on total nitrogen further highlight the importance of having plants in a wetland
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ecosystem. The first experiment compared nitrogen concentrations in wastewater that
was treated for different lengths of time. For periods up to 30 minutes, both planted and
unplanted systems removed approximately 40% of the total nitrogen from the influent.
When the wastewater was treated for longer periods, unplanted CWTS did not remove
additional nitrogen while concentrations in planted CWTS steadily decreased until
leveling off at around 20% of the initial concentration after 150 minutes
(Farahbakhshazad and Morrison, 1997). This experiment demonstrated that soil, by
itself, was only capable of moderate nutrient reductions, regardless of how long the
wastewater was retained. However, in a planted system, the additional time increased the
contact between the roots and the wastewater, allowing the macrophytes to further reduce
nitrogen concentrations at very significant rates. The second study compared nitrogen
removal rates during different seasons. During the summer, the planted system had a
significantly higher nitrogen removal rate. In the winter, when plant activity was shown
to be minimal, the nitrogen removal efficiencies for the planted system and the unplanted
system were the same (Sikora et al., 1995).
9.2 Physical Improvements
Plants also have an effect on a piece of land just by their physical presence. These are
"side-effects" of having plants to help reduce nitrogen concentrations in the wastewater
and in general, the physical presence of plants has three benefits: frost protection,
improved soil conditions, and aesthetics.
First, plants serve as natural insulation for the wetland soil in all life cycle stages. In
particular, macrophytes serve as an effective insulation material because its vascular
structure traps air inside. Living plant biomass and standing dead biomass trap air
between the individual shoots and leaves in a relatively thick layer above the ground
surface, reducing radiation heating/cooling. This keeps the soil warmer in the winter and
cooler in the spring and summer (Brix, 1994). In snowy climates, the standing biomass
facilitates an insulating layer of snow to help minimize heat loss even further. When the
dead leaves and shoots break off and fall to the ground, this litterfall also isolates the soil
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from temperature variations by creating a blanket, trapping a thin layer of air at the
ground surface (Haberl et al., 1995).
Since most biological and geochemical processes that engineers and scientists rely on to
remove nitrogen from the wastewater are temperature dependent, moderating winter
temperatures is critical. However, an average of treatment results from European sub-
surface CWTS shows a reduction of ammonia concentration in wastewater from 88 mg/ 1 to
10 mg/ 1 in the winter, an 89% removal rate (Haberl et al., 1995). Another sub-surface
system tested in a more temperate climate, where the average winter temperature was
8.3' C and summer temperature was 22.4* C; ammonia concentration reductions were
only 0.3 percent different between seasons (Breen and Chick, 1995). These results
indicate that temperature is not a significant factor, but it is critical to keep the surface
from freezing. Frost will halt the re-aeration of wetland soil from the atmosphere (also
hindered by snow), but more detrimentally, a frozen top layer of soil will block water
flow.
Beyond regulating the temperature of the soil, particularly their role in preventing frost,
plants have additional effects on the physical properties of the soil. Many of these effects
seem contradictory. One example is that rooted plants have the effect of both stabilizing
the wetland soil by reducing erosion and slightly loosening the soil around the stalk as the
plant moves in wind currents (Brix, 1997). Similarly, it was originally predicted that
plants would improve and then stabilize the hydraulic conductivity of the soil around 10-3
"/sec after three years of growth. However, various experiments have now debunked the
claim that plant roots would open hydraulic pathways and shown that wetland soil's
hydraulic conductivity actually decreases to 10-5 or 10 m/sec (Brix, 1994; Hiley, 1995;
Brix, 1997).
Other significant problems with CWTS are short-circuiting and clogging. Unfortunately,
plant growth actually increases channeling in horizontal flow CWTS because
41
groundwater avoids the denser root areas, reducing treatment effectiveness
(Farahbakhshazad and Morrison, 1998). In vertical flow systems with hydraulic head
forcing a more uniform water distribution, short circuiting is less of a problem and root
growth helps decompose organic matter to prevent clogging (Brix, 1997; Brix, 1994),
improving nutrient removal. Finally, an additional side effect of plants in wetland
systems is their affect on attenuating light reaching the ground surface and thereby
limiting algae growth (Brix, 1997).
The third and most difficult physical effect to quantify is plants' aesthetic value.
Vegetation both controls negative effects of wastewater treatment, and provides benefits
that mechanical treatment facilities cannot. First, plants can effectively control odor and
insects (Wood, 1995), two inherent problems of outdoor wastewater treatment. However,
by taking the treatment location back outdoors, wetland plants provide a system that is
visually attractive, and they provide natural habitats for various types of wildlife. The
aesthetic value of plants, with no impact on wastewater treatment effectiveness, is a
wetland's biggest ally in the fight for the approval and use of CWTS technology - it
makes sewage beautiful! At the site in Plymouth, surrounding land uses (industrial and
mining) make the aesthetic value of plants less important in this design.
9.3 Species Selection
The right vegetation can facilitate significant nitrogen removal through its geochemical,
biological and physical effects on the ecosystem. With such a critical role, it is important
that the correct macrophyte is chosen for the application. In general, the following traits
lead to successful CWTS (Thomas et al., 1995):
1. Rapid and relatively constant growth rate
2. Ease of propagation
3. Capacity for absorption of pollutants
4. Tolerance of hyper-eutrophic conditions
5. And if an economically viable use is identified: ease of harvesting.
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Maximizing the above expectations year-round is difficult in the climate of northeastern
United States. Several species are common, depending on the intended use and the
designer's experience, however Phragmites australis remains the overwhelming choice
of ecological engineers for emergent plant life in constructed wetland treatment systems
in North America, Australia and Europe (Haberl et al., 1995; Vymazal, 1995; Mahlum et
al., 1995).
P. australis has been extensively studied so its growth rate, treatment effectiveness, and
overall success in typical wetland soil are well understood. However, under the typical
conditions in Plymouth, Massachusetts, harvesting is not economically viable. While
pilot studies of P. australis wetlands have measured harvests of well over 20,000 'k/ha-yr
of nitrogen (Farahbakhshazad and Morrison, 1998), full-scale trials have shown a range
of 200 to 2,500 kg/ha-yr (Brix, 1997). As expected, harvests from cold climate CWTS are
at the low end of that range, less than 400 kg/ha-yr, and it is very unlikely that harvesting
for nutrient recycling would be feasible under such conditions (Wittgren and Maelhlum,
1997). Furthermore, harvesting requires additional maintenance, labor and more
treatment cells, all increasing costs that must be minimized in this application. As a
result, this wetland design does not rely on plant uptake for permanent nitrogen removal
and plant selection criteria did not include a species' potential for harvesting and re-use.
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10 Cell Design
10.1 Dimensions
Area: This CWTS consists of six, 1 hectare (10,000 m2) cells. Each cell has been
designed as a square in Figure 10-1, however the 1:1 length-to-width ratio can be
adjusted up to 2:1 for optimal space usage with no anticipated loss in treatment
capability.
100m.
II
Figure 10-1 CWTS Plan View (Section indicated for Figure 10-2)
Depth: Each cell is 2 meters deep. The bottom and sides are sealed with a 30 centimeter
compacted clay liner topped with a 30 centimeter distribution layer of coarse gravel to
facilitate the distribution of wastewater to the entire cell area. Above a geo-textile filter,
120 centimeters of soil (grain size <1 millimeter) serve as the growing medium for the
wetland vegetation. A 10 centimeter layer of coarse gravel at the top of the treatment
zone drains effluent over the berm covered by 10 centimeters of topsoil to facilitate
proper plant growth. The berm extends an additional 30 centimeters above the planted
surface to contain high-volume precipitation events.
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Figure 10-2 CWTS Cell Cross Section
10.2 Hydraulic Loading
The CWTS has been designed to effectively treat up to 118 1/m 2-day of wastewater with a
total nitrogen concentration of 10 m"/j, for a maximum mass loading of 1.18 g/m -day, see
chapter 11 and Appendix A for the complete mass balance calculation. Flow to each cell
is independently controlled by a valved manifold to maintain the design hydraulic
residence time of five days and the mass loading rate. Effluent from the WWTF is
applied to a cell through a network of perforated pipes in the gravel distribution layer. It
then flows up through the soil treatment zone in a plug-flow fashion. At the top, the high
conductivity collection layer drains the wetland cell, through the berm at one end, to a
coarse gravel bed along the end of each cell, illustrated in Figure 10-2. A perforated pipe
at the bottom of the gravel bed is attached to a swivel-type riser pipe that overflows into a
sump, which is connected with the other cell sumps, and piped to the infiltration beds for
final land application. This configuration controls the water level in the cell below the
ground surface to ensure an ice layer does not form during the winter (Kadlec and
Knight, 1996).
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Part IV: Results
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11 Nitrogen Mass Balance
At full capacity, the Plymouth WWTF will be discharging 1.25 mgd of effluent with 10
mg/i total nitrogen concentration into the Eel River Watershed. To attenuate this
maximum flow, four of the 1-hectare cells must be online at all times, resulting in a mass
loading of 1.18 g/m 2-day of total nitrogen. The effluent nitrogen is present in three forms
and, from a surface water quality perspective, the most threatening composition under
normal WWTF operation is 40% organic nitrogen, 10% ammonia and 50% nitrate
(Harrington, 2002):
(12) 1.18 x 40% = 0.47 X Organic Nitrogen
(13) 1.18 x 10% = 0.12 X Ammonium
(14) 1 .1 8 2.dayx 50% = 0.59 Y 2  Nitrate
However, the total organic nitrogen in the CWTS cycle includes the organic nitrogen
from the decomposition of plant biomass. Under a steady-state plant biomass condition,
annual growth will equal annual plant death. So, in northeastern United States, where
plants normally have one growth cycle per year, Phragmites australis' growth rate of
2,500 g/m 2-cycle (Kadlec and Knight, 1996) results in 2,500 g/m 2 -year of dead plant
biomass. Luxury uptake under vertical upward flow conditions means this biomass
contains 10% nitrogen, so when 80% of the plant biomass decomposes then organic
nitrogen is released into the cycle:
(15) 2,500 2. xl0%x80%+365y, ,.=0.55 2.da Organic Nitrogen
Combining all organic nitrogen in the system:
(16) 0.47+ 0.55=1.02 da Total Organic Nitrogen
The first transformation within the CWTS is the mineralization of the total organic
nitrogen in the system. Applying the area-based, 1 st order transformation constant for
mineralization, discussed in chapter 4, over the difference between the concentration of
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total organic nitrogen now in the system and the 1.3 mg/1 background concentration of
organic nitrogen in a wetland (Kadlec and Knight, 1996):
(17) 35%earx(8.6-1.3)'" =-0.70 2 Empirical Eqn. for Ammonification
To date, subsurface constructed wetlands have normally been approximately 60
centimeters deep. This transformation constant was extracted from the experience with
such systems and so can only be applied over a similar depth. Since, this CWTS is 120
centimeters deep, this ammonification rate can be applied again over the new difference
between the intermediate organic nitrogen concentration and background conditions for
the second 60 centimeter treatment depth:
(18) 3 5 Ye, x (2.69 -1.3)'" = 0.13Y2da
Total ammonification:
(19) 0.70+0.13 =0.84 ; 2 d Mineralized Ammonium
This leaves 0.18 g/m 2-day of organic nitrogen untreated (only slightly more than the
standard background concentration in a wetland), which passes through to the CWTS
effluent. Combining the ammonium remaining in the system:
(20) 0.12+0.84=.95 X 2 day Total Ammonium
Nitrification is the next mechanism in the process, however plants prefer to absorb
nitrogen for their own growth in the form of ammonium, so plant uptake occurs first.
Removing nitrogen for 10% of the 2,500 g/m 2-year plant growth:
(21) 0.95 -0.68 =.27 X 2 day Remaining Ammonium
Nitrification in a CWTS is characteristically limited by oxygen availability and since
every gram of ammonium-nitrogen requires 4.6 grams of oxygen, the oxygen demand is:
(22) 0.2 7 x 4.6 =1.24 2d Oxygen Demand
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However, Phragmites australis can provide up to 3 g/m 2-day of oxygen, so all of the
ammonium is converted to nitrate. Tallying the nitrate now in the system:
(23) 0.59+0.27 =.86 g 2d Total Nitrate
The third mechanism in the process is denitrification, which is also governed by an area-
based, 1 st order transformation constant, discussed in section 6.4. Again this empirical
formula only applies to a 60 centimeter depth but now the background level of the
reactant (nitrate) is so small it can be ignored. However, to conservatively account for
the distance needed for the ammonification and nitrification mechanisms, denitrification
is only calculated over the upper 60 centimeters of the root zone:
(24) 50' Xyex (7.3 -0)Y1.00 2day Empirical Eqn. for Denitrification
Even though only the top half of the CWTS is being used for denitrification, there is
more capacity than needed to convert all remaining nitrate into di-nitrogen gas, which
diffuses to the atmosphere. The only nitrogen remaining is the untreatable organic
nitrogen, giving the CWTS effluent a final total nitrogen concentration of 1.6 m/ 1-only
23% above background conditions and 20% below the treatment goal of 2.0 '/1
established to protect the watershed.
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12 Conclusion
For the Eel River Watershed in Plymouth, a single-stage, vertical flow, sub-surface
constructed wetland treatment system designed to mitigate the WWTF effluent takes
advantage of natural processes to reduce the total nitrogen concentration from 10 mg/ 1 to
1.6 mg/1, only 0.3 mg/i (23%) above background conditions. Designed to mirror a natural
system, it encompasses both aerobic and anaerobic zones and handles all forms of
nitrogen within each cell. Further, the innovative vertical up-flow pattern allows this
CWTS to match the effectiveness of a conventional treatment wetland ten times larger.
Maximizing the transformation of inorganic nitrogen to nitrogen gas for wastewater
treatment is the optimization of capabilities already available in natural systems. By
applying science's understanding of those mechanisms, a CWTS has been designed to
model the optimal biochemical conditions and reduce nitrogen concentrations effectively.
While several transformations must happen, nitrification has commonly been the rate-
limiting step in constructed systems. Since this step is predominantly controlled by the
levels of dissolved oxygen in the environment, the oxygenation of the soil by plants is by
far the most important factor in the nitrogen removal process. Plant uptake has also been
credited as the dominant factor in some CWTS effectiveness, however it does not play a
significant role in this design. In fact, the total nitrogen concentration leaving this CWTS
was actually smaller under normal plant uptake conditions than when luxury uptake was
considered. This scenario requires more oxygen for the nitrification step, but still within
the limit of what plants can provide (mass balance spreadsheet included in Appendix B).
Every wetland must be carefully tuned to the environment it will act in. For that reason,
it is critical to pilot test this application at the Plymouth site. Therefore, one cell should
be constructed and its effectiveness monitored for one full year prior to building the
entire system. This time will provide valuable insight into optimizing operation of the
full system and allow for improvements to the design before full implementation.
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Appendix A: Wetland Nitrogen Balance (Design Case)
WWTF Effluent/CWTS Flowrate: 1,250,000 gal/day
Influent Characteristics Total Nitrogen Conc.: 10 mg/L
TN as Organic-N: 40%
TN as Ammonia-N: 10%
TN as Nitrate-N: 50%
Wetland Design # of Cells: 4
Area per Cell: 10,000 m2
Root Zone Depth: 1.2 m
Distribution Layer Thickness: 0.3 m
Total Depth: 1.5 m
Total Area: 40,000 m2
Total Volume: 60,000 m 3
Soil Porosity: 0.4
Wetland Hydraulics Hydraulic Flowrate: 4,731 m3/day
Hydraulic Loading Rate: 12cm/day
118 L/m2 -day
Mass Loading Rate: 47,312,500mg/day
47 kg/day
1,183 mg/m2 -day
1.18 g/m 2 -day
HRT/Detention Time: 5.07 days
RATE CALCULATIONS
Plant Growth Biomass Produced: 2,500.00 g/m2 -year
Plant Nitrogen Content: 250.00 g/m 2-year
Nitrogen Uptake: 0.68 g/m 2-day
Biomass Death:
Plant Nitrogen Content:
Nitrogen Burial:
Organic-N Decomposition:
Creation of Additional Organic-N:
2,500.00 g/m2 -year
250.00 g/m2-year
50.00 g/m2-year
200.00 g/m2 -year
0.55 g/m 2 -day
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Plant Death
Ammonification WWTF Organic-N:
Decomposition Organic-N:
Initial Total Organic-N:
Initial Conc. Of Organic-N:
Ammonification Rate:
Intermediate Total Organic-N:
Intermediate Conc. Of Organic-N:
Ammonification Rate:
Total Org-N mineralized to Amm-N:
Remaining/Final Organic-N:
Nitrification WWTF Ammon-N:
Mineralized Amm-N:
Initial Total Amm-N:
Plant Uptake of Amm-N:
Remaining Amm-N:
Oxygen Demand:
Oxygen Available:
Amm-N Oxidized to Nitrate-N:
Final Amm-N:
Denitrification WWTF Nitrate-N:
Converted Nitrate-N:
Initial Total Nitrate-N:
Initial Conc. Of Nitrate-N:
Background Nitrate-N in Wetland Cell:
Background Conc. of Nitrate-N:
Denitrification Rate:
Intermediate Total Nitrate-N:
Intermediate Conc. Of Organic-N:
Denitrification Rate:
Total Org-N mineralized to Amm-N:
Remaining/Final Nitrate-N:
0.47 g/m2-day
0.55 g/m2 -day
1.02 g/m 2-day
8.6 mg/L
256.64 g/m 2-year
0.70 g/m2 -day
0.32 g/m2 -day
2.69 mg/L
48.58 g/m2 
-year
0.13 g/m 2-day
0.84 g/m2 
-day
0.18 g/m 2-day
0.12 g/m 2 -day
0.84 g/M2-day
0.95 g/m2 -day
0.68 g/m 2-day
0.27 g/m2 -day
1.24 g/m 2-day
1.24 g/m2-day
0.27 g/m2 -day
0.00 g/m2-day
0.59 g/m 2 -day
0.27 g/m 2 -day
0.86 g/m2 -day
7.3 mg/L
20.82 mg/m -day
0.007 mg/L
363.60 g/m 2-year
1.00 g/m2 -day
0.86 g/m 2 -day
7.28 mg/L
363.60 g/m2-year
1.00 g/m 2-day
0.86 g/m 2 -day
0.00 g/m 2 -day
from WWTF effluent
from plants
sum of above
for lower 60 cm of wetland
halfway up
for upper 60 cm of wetland
slightly above bckgrnd conditions
from WWTF effluent
through ammonification
sum of above
prefered source of N for plants
up to 3 g/m2-day
from WWTF effluent
through nitrification
sum of above
calculated from land use constants
for lower 60 cm of wetland
for upper 60 cm of wetland
more than needed
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CWTS Effluent Final Organic-N: 0.185 g/m2-day
Characteristics Final Amm-N: 0.000 g/m 2 -day
2Final Nitrate-N: 0.000 g/M2_day
Final Total Nitrogen: 0.185 g/m2 -day
Final TN Conc.: 1.6 mg/L
Conversions gal= 3.785 L
L= 0.001 m3
M= 100cm
kg= 1,000,000 mg
g= 1,000 mg
year= 365 days
ha= 10,000m 2
Notes
Constants I g Amm-N requires 4.6 g Oxygen Total conversion to nitrate
Background Organic-N in Wetlands: 1.3 mg/L average for similar SSF wetlands
Organic-N Ammonification Rate (Kon): 35 m/year
Background Nitrate-N for Wetland Land
Use: 3 kg/ha-year
Nitrate-N Denitrification Rate (Knn): 50 m/year
Plant Growth:
Plant Death:
% Plant Biomass as N:
% Decomposition:
% Burial:
2,500 g/M2-year
2,500 g/m2 -year
10%
80%
20%
one growth cycle per year
steady state with growth (above)
Luxury uptake (longer root zone)
Typical anaerobic wetland soil
1 minus decomposition above
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Assumptions
Appendix B: Wetland Nitrogen Balance (Normal Uptake)
WWTF Effluent/CWTS Flowrate:
Influent Characteristics Total Nitrogen Conc.:
TN as Organic-N:
TN as Ammonia-N:
TN as Nitrate-N:
1,250,000 gal/day
10 mg/L
40%
10%
50%
Wetland Design # of Cells: 4
Area per Cell: 10,000 m 2
Root Zone Depth: 1.2 m
Distribution Layer Thickness: 0.3 m
Total Depth: 1.5 m
Total Area: 40,000 m2
Total Volume: 60,000 m3
Soil Porosity: 0.4
Wetland Hydraulics Hydraulic Flowrate: 4,731 m3/day
Hydraulic Loading Rate: 12cm/day
118 L/m2 -day
Mass Loading Rate: 47,312,500 mg/day
47 kg/day
1,183 mg/m 2-day
1.18 g/m 2 -day
HRT/Detention Time: 5.07 days
RATE CALCULATIONS
Plant Growth Biomass Produced: 2,500.00 g/m2-year
Plant Nitrogen Content: 50.00 g/m2-year
Nitrogen Uptake: 0.14 g/m 2 -day
Plant Death Biomass Death:
Plant Nitrogen Content:
Nitrogen Burial:
Organic-N Decomposition:
Creation of Additional Organic-N:
2,500.00 g/M2-year
50.00 g/m2 -year
10.00 g/m2-year
40.00 g/m2-year
0.11 g/m 2-day
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Ammonification WWTF Organic-N:
Decomposition Organic-N:
Initial Total Organic-N:
Initial Conc. Of Organic-N:
Ammonification Rate:
Intermediate Total Organic-N:
Intermediate Conc. Of Organic-N:
Ammonification Rate:
Total Org-N mineralized to Amm-N:
Remaining/Final Organic-N:
Nitrification WWTF Ammon-N:
Mineralized Amm-N:
Initial Total Amm-N:
Plant Uptake of Amm-N:
Remaining Amm-N:
Oxygen Demand:
Oxygen Available:
Amm-N Oxidized to Nitrate-N:
Final Amm-N:
Denitrification WWTF Nitrate-N:
Converted Nitrate-N:
Initial Total Nitrate-N:
Initial Conc. Of Nitrate-N:
Background Nitrate-N in Wetland Cell:
Background Conc. of Nitrate-N:
Denitrification Rate:
Intermediate Total Nitrate-N:
Intermediate Conc. Of Organic-N:
Denitrification Rate:
Total Org-N mineralized to Amm-N:
Remaining/Final Nitrate-N:
0.47 g/m 2-day
0.11 g/m2 
-day
0.58 g/m 2 -day
4.9 mg/L
126.93 g/m2-year
0.35 g/M2-day
0.23 g/m2 -day
1.99 mg/L
24.03 g/m2 
-year
0.07 g/m 2-day
0.41 g/m2-day
0.17 g/m2 -day
0.12 g/m2 -day
0.41 g/m2 -day
0.53 g/m 2 -day
0.14 g/m2 -day
0.39 g/m 2 -day
1.82 g/m 2 -day
1.82 g/m 2 -day
0.40 g/m2 -day
0.00 g/m 2-day
2
0.59 g/m2 -day
0.40 g/m 2 -day
0.99 g/m 2 -day
8.3 mg/L
20.82mg/m -day
0.007 mg/L
416.90 g/m2 
-year
1.14 g/m 2 -day
0.99 g/m 2 -day
8.35 mg/L
416.90 g/m2 
-year
1.14 g/m 2 -day
0.99 g/m 2-day
0.00 g/m2 -day
from WWTF effluent
from plants
sum of above
using initial volume of WW efflue
for lower 60 cm of wetland
halfway up
for upper 60 cm of wetland
slightly above bckgrnd conditions
from WWTF effluent
through ammonification
sum of above
preferred source of N for plants
Up to 3 g/m2 -day
from WWTF effluent
through nitrification
sum of above
using initial volume of WW efflue
calculated from land use constants
using initial volume of WW efflue
for lower 60 cm of wetland
for upper 60 cm of wetland
more than needed
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CWTS Effluent Final Organic-N: 0.17 g/m 2-day
Characteristics Final Amm-N: 0.00 g/m 2 -day
Final Nitrate-N: 0.00 g/m -day
Final Total Nitrogen: 0.17 g/M2-day
Final TN Conc.: 1.4 mg/L
Conversions gal= 3.785 L
L= 0.001 m 3
M= 100cm
kg= 1,000,000 mg
g= 1,000 mg
year= 365 days
ha= 10,000 m2
Note
Constants 1 g Amm-N requires 4.6 g Oxygen Total conversion to nitrate
Background Organic-N in Wetlands: 1.3 mg/L average for similar SSF wetlands
Organic-N Ammonification Rate (Kon): 35 m/year
Background Nitrate-N for Wetland Land Use: 3 kg/ha-year
Nitrate-N Denitrification Rate (Knn): 50m/year
Plant Growth:
Plant Death:
% Plant Biomass as N:
% Decomposition:
% Burial:
2,500 g/m2 -year
2,500 g/m2 -year
2%
80%
20%
one growth cycle per year
steady state with growth (above)
Normal Uptake
Typical anaerobic wetland soil
1 minus decomposition above
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Assumptions
